The goal of this case study was to provide pilot-scale information about the ability of ultraviolet (UV) light to disinfect unfi ltered surface water. A pilot-scale (0.25 L/s) UV reactor with low-pressure UV lamps was installed on raw water entering an aqueduct from the Pardee Reservoir at the East Bay Municipal District, California. A pilot monitoring system also collected hourly particle count (2 to 100 m), turbidity, and ultraviolet transmittance (UVT) measurements for 14 months. Grab microbial samples were collected and analyzed for indigenous total coliforms and total aerobic spores (TAS) both before and after UV disinfection, to correlate survival of the organisms across the UV reactor to water quality characteristics. Concentrations of indigenous coliforms and TAS ranged up to 163 and 1,383 per 100 mL respectively, before UV exposure. The data showed that the ability of UV to disinfect coliforms was essentially unaffected by the presence of particles (up to 703>10 m per mL and 1.3 nephelometric turbidity unit [NTU]) in the unfi ltered surface water. In 13 of 14 samples, no coliforms were detected in the UV treated water. Log-linear inactivation of TAS up to 2.5-log suggests that at least 99.6% of the TAS were not protected from UV disinfection by particles.
Introduction
There are concerns about the ability of ultraviolet (UV) light to successfully disinfect unfi ltered surface water to potable standards. The major concern is that natural particles may surround and enmesh microorganisms, protecting them from exposure. This phenomenon is known to impair coliform inactivation when using UV light to treat wastewater secondary effl uent containing particles (Qualls et al. 1983; Emerick et al. 2000; Jolis et al. 2001) . Normally, surface waters would be fi ltered prior to UV and in such cases the issue may not be relevant. However, while not generally recommended, UV systems can be applied to unfi ltered surface water in some jurisdictions. For example, in the United States, the Environmental Protection Agency cites fi ltration avoidance criteria for surface waters that include the need for a watershed control program, the lack of waterborne disease outbreaks associated with the source, and limits for coliform and turbidity (turbidity not to exceed 5 nephelometric turbidity units (NTU) more than twice in 12 months) (US EPA 2006). There are similar fi lter exclusion conditions when treating surface waters in Canada (Health Canada 2004) . The effectiveness of UV disinfection for treatment of water containing particles has typically been investigated in the laboratory by seeding microorganisms into particle-laden water. In several studies, where the turbidity of unfi ltered and fi ltered water was adjusted (Batch et al. 2004; Passantino et al. 2004; Amoah et al. 2005) , no deleterious effect of particles on inactivation by UV light of seeded microorganisms was observed when particle-related scatter of UV light was accounted for in the UV dose calculations. Since seeded microorganisms do not necessarily associate with particles in the same way as indigenous microorganisms in the environment, these inactivation studies provide only a preliminary assessment of the impact of particulate material on the UV dose-response of indigenous organisms in their natural state. This can include organisms attached to or embedded within particles, or aggregations of organisms in which the interior organisms may be protected by the outer layer of organisms.
The current case study builds on these previous laboratory studies by examining a pilot UV system installed on unfi ltered surface water, with the survival of indigenous organisms monitored across the UV reactor during periods of changing water quality. The location of the study was the Pardee Reservoir in California, which collects water from snowmelt from the western slopes of the Sierra Nevada Mountains. Water from the reservoir travels 90 miles through aqueducts to serve 1.3 million people in the Alameda and Contra Costa counties of California. While the aqueduct infl uent water is considered very good quality, it does not meet US EPA fi ltration avoidance criteria due to occasional periods of elevated turbidity. The results from this study therefore do not represent a true case study of a situation where fi lter avoidance is possible according to current regulations; however it approaches the required criteria.
The aqueduct infl uent water was monitored for particle counts, turbidity, and UV transmittance for 14 months with data recorded hourly. In addition, the inactivation of indigenous total coliform bacteria and total aerobic spores (TAS) across the UV reactor were measured 14 and 16 times respectively, over the monitoring period. This was to determine if inactivation was achieved at a level consistent with expectations based on UV treatment in particle-free water, and if not, to try to correlate impaired inactivation with turbidity or particle counts. These specifi c microorganisms were selected because previous work had indicated that they might be present in surface waters at high enough ambient concentrations to allow several logs of inactivation to be measured across the UV system.
Materials and Methods

Pilot Monitoring System and UV Reactor
The UV pilot reactor and online monitoring system were installed at the Pardee Center in Valley Springs, California, drawing water from the entrance of the aqueduct prior to lime addition (lime is used to stabilize the water in the aqueduct). Data were recorded using a mobile instrumentation panel equipped with an online particle counter (IBR WPCS, Grass Lake, Mich.), turbidimeter (ABB Model 7997-202, Warminster, Pa.), ultraviolet transmittance (UVT) monitor (ABB Model 7320, Warminster, Pa.), and fl ow meter (ABB MagMaster TM , Warminster, Pa.). Continuous on-line data measurements were recorded hourly onto a videoscreen interface (ABB Screenmaster 2000 Videographic Recorder, Warminster, Pa.). The particle counter was cleaned at least monthly using dental fl oss and a cleaning solution as recommended by the manufacturer. It was also calibrated by the manufacturer both at the beginning of the study and after nine months of use. Turbidimeter calibration was checked monthly using the manufacturer-provided standard. The online UVT monitor was calibrated monthly using a potassium hydrogen phthalate solution. No signifi cant calibration drift was observed in the online instruments over the course of the pilot work.
Online particle count data were collected for eight different size ranges between 2-100 m (the instrument calibration range), but for reporting purposes the data has been divided into two size ranges: greater than and smaller than 10 m in diameter. This distinction was made to refl ect particles that may or may not potentially shield coliform bacteria (1 to 6 μm long) (Percival et al. 2004 ) and TAS (often 1 to 2 μm long) (Mamane-Gravetz and Linden 2005; Plomp et al. 2005) , based on the relationship between particle and microorganism size in terms of UV protection reported by Qualls et al. (1983) , Emerick et al. (2000) , and Jolis et al. (2001) .
The pilot UV system was a low pressure 0.3 to 1.0 L/s (5 to 15 gpm) UVMax ® UV reactor (Trojan Technologies, London, Ont.). The UV reduction equivalent dose (RED) was confi rmed onsite by biodosimetry with MS2 phage as the challenge microorganism. The MS2 RED ranged between 90 and 100 mJ/cm 2 for the three validations performed at the beginning, middle, and end of the study period, with the variability not showing any specifi c trend with time. This RED refl ects doses that are commonly employed in practice based on the authors' experience with small and mid-size systems in Canada, which are often confi gured to deliver a minimum RED of 40 mJ/ cm 2 under worst case conditions. Under more routine conditions, doses in the order of 100 mJ/cm 2 are common unless good turndown capabilities are employed.
For the UV reactor biodosimetry tests, the fl ow rate was set at 0.25 L/s (~4 gpm). The lamp was allowed to warm up for 60 min, and then MS2 phage was pumped at an approximate input rate of 10 11 phages/min. The MS2 was introduced upstream of the UV reactor using a static mixer with a 'T' connection 2 min prior to sampling to allow for steady-state to be reached in terms of the MS2 population density. Four sets of samples were collected upstream and downstream of the UV reactor once every 30 s. The average log inactivation was then determined from the set of four samples for dose calculation based on the dose-response curve generated using a collimated beam apparatus with a low-pressure lamp for the same batch of MS2 phage (see next section).
Collimated Beam UV Exposures
The dose-response of MS2 phage in aqueduct infl uent water was determined using a collimated beam apparatus as part of the validation of the pilot and bench-scale UV reactors used for this study. UV light in the apparatus was delivered using two low-pressure mercury lamps (=253.7 nm) (model 9328-L24, Photoscience/Advanced UV Inc., Torrance, Calif.) with a collimator constructed with 4-inch schedule 80 PVC tubing. The standard UV dose measurement and calculation methods for collimated beam experiments followed protocols established by Bolton and Linden (2003) . UV exposures were completed with shallow (liquid depth=0.34 cm) samples that were well mixed without inducing vortices, using a 1 cm micro stir bar in an 8.5 cm Petri dish placed on a fl at bed collimator. The distribution of UV intensity across the exposure surface (i.e. along a 0.5 cm by 0.5 cm grid) was measured using an IL1700 radiometer equipped with a calibrated SUD240 sensor (International Light, Newburyport, Mass.) and was incorporated into the average UV dose calculation, as described in detail by Bolton and Linden (2003) . The incident UV intensity was approximately 0.21 mW cm -2 at the exposure surface. The collimated beam apparatus is described in greater detail by Cantwell and Hofmann (2008) .
Microbial Methods
Microbial samples were collected in one or two litre Nalgene® bottles that were autoclaved at 121 o C for 15 min to ensure sterility. Samples were shipped to the lab overnight in chilled coolers. Enumeration of total coliform bacteria and TAS was performed by membrane fi ltration techniques using 47 mm diameter nitrocellulose 0.45 m fi lters (Fisher Scientifi c, Pittsburgh, Pa.). Total coliform bacteria were enumerated using the membrane fi ltration technique based on Standard Method 9222-B (APHA et al. 1998 ) with m-Endo media (Millipore, Etobicoke, Ont.). Samples of TAS were pasteurized by heating to 70 to 75°C for at least 15 min prior to enumeration to kill all vegetative cells, then grown using a non-selective agar (Sigma-Aldrich Inc., St. Louis, Mo.) (Verhille et al. 2003) . The methods used to grow and enumerate coliphage MS2 and the host E. coli have been described elsewhere (Templeton et al. 2006) , and in general followed US EPA methods.
When conducting the pilot UV experiments to monitor the survival of indigenous organisms across the reactor, the UV lamp was turned on and allowed at least 60 min of warm-up prior to sampling. The sampling ports were wiped with a 95% ethanol solution and the sampling tubes were soaked in ethanol prior to sampling to reduce the likelihood of microbial contamination. Samples were chilled and couriered overnight to the University of Toronto for analysis. All samples arrived the following day and microbial analysis was initiated within 28 h of sampling.
Aerobic Spore UV Inactivation Trials
Since TAS survival in the samples exposed to UV light in the pilot-scale reactor was observed (as described later), an alternative approach was taken using a bench-scale UV apparatus to assess for tailing in the dose response curve (i.e. no further inactivation is observed despite higher UV doses). Tailing in a UV dose response curve is a common indicator of particle-related protection (Qualls et al. 1983; Emerick et al. 2000; Jolis et al. 2001) . While tailing can be attributed to other factors like varying UV sensitivity within the population of the organism, or poor UV dose distribution or contamination, the absence of tailing in the dose response curve indicates the absence of protection from particulate matter. Raw water samples were shipped to the laboratories at the University of Toronto and exposed to a range of UV doses using a fl ow-through reactor to develop a dose response curve for indigenous TAS. A batch collimated beam was not appropriate because large volumes of water had to be treated due to the low ambient concentrations of the microorganisms. The fl ow-through UV reactor was used to treat up to 8 L of sample, allowing up to 2.5 log inactivation of TAS to be recorded.
The near-plug-fl ow UV reactor used for this experiment was described previously by Dykstra et al. (2002) . A low pressure UV lamp (Photosciences/Advanced UV Inc., Cerritos, Calif.) was suspended above a quartz tube with an internal diameter of 0.7 cm and an exposed length of 35 cm. The water sample passed through the interior of the quartz tube and the height of the UV lamp was adjusted to increase or decrease the applied dose. Doses were determined via MS2 biodosimetry tests.
Measures of UV Transmittance (UVT)
Grab UVT. Grab UVT 254 samples of the Pardee Reservoir water at the aqueduct infl uent were collected daily by local operators or onsite research personnel, using a bench-top UVT-15 photometer (HF Scientifi c ® , Ft. Myers, Fla.). The photometer was recalibrated before each measurement by adjusting the reading to 100% transmittance with distilled water.
Online UVT. An online "UVT monitor" (ABB Instruments ® model 7320, United Kingdom) was installed as part of the pilot UV system at the Pardee Reservoir. The monitor recorded one UVT measurement hourly for 14 months. The online instrument was restricted to output of UV transmission at 254 nm minus the transmission at 400 nm (this is used by the analyzer as an algorithm to predict total organic carbon). This resulted in a bias of 2 to 4% cm -1 between the grab UV transmittance data and the reported "UVT data". The UV transmittance data reported by the online instrument was therefore always an over-estimate of the true transmittance at 254 nm. The magnitude of the discrepancy was verifi ed using a spectrophotometer that measured the transmittance/ absorbance at wavelengths of 254 nm and 400 nm. For the purpose of this research, the online "UVT data" were used solely to provide a semi-quantitative indication of the variability of UVT.
Results and Discussion
Turbidity and particle count data Turbidity and particle counts in aqueduct water entering the UV pilot system were tracked over the course of 14 months as indicators of water quality variability, and as indirect indicators of possible interference with UV disinfection effectiveness.
Turbidity ranged from 0.13 to 17.9 NTU over the 14 months, with 99% of the measurements below 5.6 NTU (Fig. 1) . The spikes in online turbidity in May (up to 10.2 NTU) were due to operational and environmental events. Prior to February the Pardee Reservoir gates at 140 and 150 m above sea level had been open for nearly four years while all the remaining gates had been closed. On February 27, and again on March 23, some gates at the 158 m elevation were opened. The spikes in turbidity in May were attributed to changes in aqueduct fl ow rate and the release of sediment that had accumulated in the conduits connected with the gate at 158 m.
The particle count data collected at Pardee for the aqueduct infl uent water is presented in Fig. 2 . There are several periods without particle count data due to operational disruptions, such as a poor connection between the instrument and data logging device, low feed water pressure, and particle counter recalibration performed by the manufacturer. The average particle counts during the monitoring period were 2,800 c/mL for diameters between 2 and 10 m, and 64 c/mL for the larger particles between 10 and 100 m. From previous studies with wastewater, a particle 10 m or larger could cause organisms the size of a coliform bacteria (1 to 6 m) (Percival et al. 2004 ) and TAS (1 to 2 μm) (Plomp et al. 2005 ) to be shielded from UV disinfection (Qualls et al. 1983; Emerick et al. 2000; Jolis et al. 2001) . The data showed an average of 64 particles/mL larger than 10 m. The presence of such particle could allow the opportunity for particle-associated protection from UV for total coliforms and TAS, when extrapolating the results of the earlier wastewater studies to this case. It is recognized that wastewater particles are likely to have very different properties than the surface water particles in this study (i.e. in terms of organic versus inorganic content). However it is argued that regardless of other factors, the presence of 64/mL particles greater than 10 m indicates that particle-related protection in this water is plausible.
There was considerable variability in the hourly particle count data as shown in Fig. 1 . Particle counts commonly increased or decreased by a factor of 5 within 24 h. A check was performed to verify that this variability in particle count data was due to true changes in particle counts and not variation in the instrument sensor, by periodically recording particle data three times per second. For example, for a 10 min interval when the water quality was judged to be constant (i.e. no measurable change in turbidity and UV transmittance, and less than 5% change in fl ow rate and operating pressure) the standard deviation of the data collected was found to be less than 1% of the total particle count. This suggests that instrument sensor variability was minimal, and the large hourly fl uctuations were reported accurately. Fig. 1 . Hourly turbidity data and grab UVT data using aqueduct infl uent water collected at the Pardee Center. Fig. 2 . Particle count data recorded hourly using aqueduct infl uent water at the Pardee Center for a 14 month period.
As indicated earlier, a number of jurisdictions restrict the use of UV disinfection based on turbidity values, with the implied logic that high turbidity is associated with particles that can challenge the UV system (the property of "turbidity" actually is an indicator of the amount of scattered light; scattered light can still disinfect, so turbidity itself doesn't challenge UV). As seen in Fig. 3 , there was no overall correlation between particle counts (2-10 m) and turbidity. The particle count trends found in Fig. 3 as lines (a) and (b) show evidence that even at elevated concentrations (>5,000 c/mL), some particles did not correlate with increased turbidity. Conversely, the trend line (c) indicates that some particles were highly refl ective to visible light and caused turbidity at low particle concentrations (< 2,700 c/mL). Interestingly, the high turbidity events (i.e. >3 NTU) all occurred at fairly low particle counts (< 2,700 c/mL) and the elevated particle count events (>5,000 c/mL) occurred at turbidity values less than 1.6 NTU. Turbidity is mostly impacted by submicron particles whereas shielding is expected for particles larger than 10 m. The lack of a correlation between turbidity and particle counts suggests that turbidity alone may not be useful for evaluating the UV treatability of waters containing particles. Fig. 3 . Correlation of particle count (2 to 100 m) and turbidity data measured at Pardee using aqueduct infl uent water; (a) -(c) identify discrete correlations within the data.
The particle count and turbidity data were also inspected to look for any time-delayed correlation between turbidity and particle count. The occurrence of the highest 5% of turbidity and particle count measurements were plotted against time (Fig. 4) . The wet season at the location occurs roughly from December to April, with periods of heavy run-off causing elevated turbidity. In general, the occurrence of elevated turbidity and particle counts in the 2-10 m, and 10-100 m size ranges did appear to overlap with the rainy season. However, of the 360 data points representing the 5% highest counts, only about one-fi fth of the measurements showed higher counts simultaneously in both the 2-10 m, and 10-100 m size ranges. This indicates that peaks in the two sizes ranges were often independent of each other.
Online UVT data
Online analyzer UVT data is reported at 1 h intervals in Fig. 5 , with generally better UVT during the dry season and reduced UVT during the wet season (December to April). There were a few incidents when the online UV transmittance dropped by several percent per centimetre for a very short duration. These absorbance spikes can be identifi ed as dips in the online data that last for only 1 h (one data recording event). The largest online UVT 'dip' was measured on May 18 at 10:40 am when the UVT reading dropped to 89% cm -1 , while the previous and subsequent data both read 95% cm -1
. A short lived 5% cm -1 drop can be very signifi cant in terms of UV reactor dosing. Similar experiences were observed on April 8, May 23, and August 23, with short-lived UV transmittance per cm drops from 92 to 89%, 95 to 91%, and 96 to 93%, respectively. There was no overlapping peak in turbidity or particle counts that corresponded to the short-lived low UV transmittance measurements meaning changes in UVT are not necessarily accompanied by changes in turbidity. 
Microbial results for the pilot UV system
Infl uent and effl uent grab samples from the pilot UV system at Pardee were analyzed for total coliforms and TAS. The results obtained by standard techniques are summarized in the data shown in Table 1 . In the raw water, total coliform densities varied from a low of 0.1 to 5.6 (95% confi dence interval of a single measurement) to 163±26 colonies/100 mL for 15 sample events. TAS population densities were between 4 and 17.1 (95% confi dence interval) and 138±110/100 mL for 12 sample events.
Note that a criterion set by the US EPA to determine the eligibility of source water for fi ltration avoidance is that turbidity must not exceed 5 NTU more than twice in 12 months (US EPA 2006). While this limit was originally intended for interferences with chemical disinfectants and not UV disinfection, it is worth noting that the turbidity of the water entering the aqueduct exceeded 5 NTU on fi ve separate occasions (Fig. 1 ) and therefore this water would not meet the requirements. However, the turbidity of the microbial samples did not coincide with the elevated turbidity events (the turbidity of the grab samples never exceeded 1.3 NTU as per Table 1 ). Therefore, one way to interpret this case study is that the specifi c water samples collected to observe microbial survival across the UV reactor complied with the US EPA fi ltration avoidance conditions.
There was no compelling evidence to suggest that the presence of particles in the water was able to shield indigenous coliform bacteria from UV irradiation. In 13 of 14 samples collected from the effl uent of the UV system, no surviving coliform bacteria were detected. In the remaining sample, 35 coliform bacteria were detected in 2.5 L of UV treated water resulting in a 1.7 log inactivation. In the same sample none of the TAS was inactivated (infl uent and effl uent TAS were 88±5.3 CFU/100 mL and 91±4 CFU/100 mL, respectively). It could be argued that these results indicate particle protection, with the TAS more thoroughly protected than the coliform bacteria. While this explanation cannot be discounted, the UVT (92% cm -1 ) and turbidity (0.95 NTU) at the time do not indicate lower than usual water quality that could lead to particle protection that was lacking in the 13 other samples. It would also be reasonable to expect that even with particle protection, some TAS inactivation would be observed, as has been reported in other work exploring TAS inactivation by UV in unfi ltered surface waters (Caron et al. 2007; Cantwell and Hofmann 2008) . An alternate explanation is that the applied UV dose was much lower than the reported 90-100 mJ/cm 2 . Coliforms are generally very susceptible to UV light; for example, 1.7-log E. coli inactivation requires in the order of 5 mJ/cm 2 (Cantwell and Hofmann 2008) . In contrast, some Bacillus spores have been shown to require a minimum UV dose before any inactivation is observed. One strain of Bacillus subtilis spores required approximately 10 mJ/cm 2 before beginning to exhibit any inactivation (Mamane-Gravetz and Linden 2004) . The data that show 1.7-log coliform inactivation with no TAS inactivation could therefore be plausibly explained if the actual UV dose were less than approximately 10 mJ/cm 2 . Under such circumstances, coliforms could exhibit signifi cant inactivation while the threshold for TAS inactivation had not yet been reached. Unfortunately, the pilot UV system had no online system to monitor dose. Dose was presumed to have remained constant throughout the study based on the 3 MS2 biodosimetry challenges at the start, middle, and end of the study, manual control over fl ow rates, and operating protocol. However, if the operating protocols were not followed, such as allowing no time for lamp warm-up prior to sample collection, allowing too high an instantaneous fl ow rate, or not cleaning the lamp sleeve prior to UV irradiation, it is possible a low UV dose was applied for that one trial. Given the nature of the data, it is argued that this is a more plausible explanation than particle protection.
Apart from the October 25 sample, the other 13 samples represent over 60 L of UV-treated water that was collected over the course of one year, with turbidities ranging from 0.3 to 1.3 NTU. In these 60 L, there were an estimated 1.8 million measurable coliform bacteria in the raw water, with an estimated 77 million particles greater than 10 m. Despite this coexistence of bacteria and particles, no surviving coliform bacteria were detected in the UV-treated water in those 13 samples.
Correlation between microbial densities, particle count and turbidity With UV implementation guided by turbidity values in some jurisdictions, the data were assessed to observe whether turbidity was correlated with other water quality parameters that are predicted to infl uence disinfection effectiveness. Linear and log-linear regression analysis was performed between turbidity, UVT, particle counts, coliforms, and TAS. Only two of the regressions resulted in an r 2 value greater than 0.5, with UVT being negatively correlated to TAS (r 2 = 0.52) and UVT negatively correlated with log TAS (r 2 = 0.60). The lack of strong correlation between turbidity and other water quality factors that are important to UV disinfection performance raises questions about the appropriateness of turbidity guidelines for UV applications. In particular, it can be argued that large particles (>10 μm) may be a more relevant indicator of challenges to UV disinfection than turbidity. The lack of correlation between the two in this case study can imply that the requirement that turbidity remain below 5 NTU to qualify for fi ltration avoidance when using UV would not be an appropriate indicator for this particular water.
Particle imaging
Particle imaging was performed using a dynamic particle analyzer (Brightwell Technologies Inc., Ottawa, Ont.) that measures particle size distribution (>1 m) and captures images of the particles in a sample. The analyzer draws fl uid through a fl ow cell and sections of the fl uid are illuminated. The images are then captured on a camera's pixel array. Images of unfi ltered water from the aqueduct infl uent at Pardee sampled on March 7, 2004, were collected and several of these images are presented. These images provide some insight into the nature of the particles in the Pardee Reservoir and the diversity of material encompassed in particle counts. Direct evidence of aggregation of microorganisms and/or particles was observed in images of particulate material collected using the particle analyzer. While several hundred images of particles were collected, fi ve representative images of the aqueduct infl uent water are presented in Figure 6 (a) to (e). Inspection of the images indicates that the occurrence of large particles (>10 m) is fairly infrequent with fewer than three large particles per image, and many images (not included) had no particles greater than 10 m. The imaging device captured individual particles that were porous to visible light (Fig. 6a) , and ones that absorbed visible light (Fig.  6b) , as well as aggregated particles (Fig. 6c ). Images were also captured of individual alga (Fragilaria) (Fig. 6d) and an aggregate of algae (Fragilaria) (Fig. 6e) . From these images there is evidence that aggregated particles and microorganisms exist in the Pardee Reservoir, despite the lack of consistent evidence showing an adverse effect on UV performance. That many of the particles between 10-100 m in size are living organisms (e.g. algae) highlights a limitation of electronic particle counting. Particle counts do not offer any insight into the nature of the particulate material.
Total aerobic spore tests at bench-scale TAS survival in the UV treated water was observed in all samples. This was to be expected since it is known that certain species of TAS, such as Bacillus subtilis, are quite resistant to UV light (Mamane-Gravetz and Linden 2004; Hijnen et al. 2006) . Indigenous aerobic spores can be especially resistant, with 1-log inactivation achieved for UV doses of 47 to 77 mJ/cm 2 with signifi cant differences between sampling sites (Mamane-Gravetz and Linden 2004) . This is comparable to the TAS inactivation of 1.3 to 1.7 log measured across the pilot-scale UV reactor that provided an MS2 RED of 90 to 100 mJ/cm 2 . To determine whether the observed TAS survival was due to their inherent resistance or due to potential particle protection, an alternative approach was taken using a bench-scale UV apparatus to assess for tailing in the dose response curve. It was reasoned that if TAS were protected from UV by particles, then tailing should be observed in a dose response curve. An asymptote would be reached that refl ects the organisms that are completely shielded and protected regardless of the UV dose (Emerick et al. 2000; Jolis et al. 2001) .
A dose-response curve for indigenous TAS was generated for samples collected on March 7 and March 28 during the rainy season. The results are shown in Fig. 7 . The data show no evidence of tailing, suggesting that there was minimal protection from UV light (if any) by particles in that water. The samples from March 7 and 28 had particle counts in the 10-100 m size range of 8,700 c/100 mL and 12,800 c/100 mL, respectively. Nevertheless, log-linear inactivation up to 2.5-log indicates that at least 99.6% of the TAS were not protected from UV disinfection by the particles. The UV inactivation rate constant for the inactivation of indigenous TAS for both samples was 0.017 cm 2 /mJ. This rate constant falls within the range (0.013-0.021 cm 2 /mJ) of UV inactivation rate constants reported by MamaneGravetz and Linden (2004) for indigenous aerobic spores collected from fi ve surface water sites with turbidities between 0.66 and 4.6 NTU.
One last note on the data shown in Fig. 7 is an apparent positive intercept for the inactivation curve, implying a measurable inactivation for zero dose. Quality control tests showed no inactivation during control trials (zero UV dose). One plausible explanation is a bi-modal dose-response curve due to the existence of a susceptible subpopulation of TAS species (Cerf 1977) , which would lead to a steeper initial slope in the dose-response curve (at doses lower than were applied). Unfortunately no data were collected in this dose range to confi rm this theory.
In contrast to the TAS results of this study which gave no clear evidence of particle-related protection, Caron et al. (2007) conducted similar TAS experiments in two unfi ltered surface water samples with turbidities ranging between 11 and 36 NTU (no particle count data available). The samples exhibited tailing in the TAS UV dose-response curve, with additional tests revealing that the tailing was caused by particles greater than 8 μm in diameter. There are insuffi cient data such as particle size or degree of particle-association to determine the factors that led to the different results between these two studies. It is worth noting the water quality as refl ected by turbidity was signifi cantly better in this study (<1.3 NTU) than in the study by Caron et al. (2007) of 11 to 36 NTU.
Conclusions
The goal of this case study was to compile data that could be used to assess the appropriateness of disinfecting water from this unfi ltered surface source using UV light. It was concluded that: Fig. 7 . Inactivation of indigenous TAS in aqueduct infl uent water collected at Pardee by UV irradiation using the benchscale UV reactor (samples collected on two occasions).
 There was little evidence of particle-related shielding of indigenous coliform bacteria, except possibly in 1 of 14 coliform inactivation trials. It is the authors' opinions that the data in this one sample set, however, suggest a problem with delivering an adequate UV dose, and does not provide strong evidence of particle protection.  There was no tailing in UV dose-response curves for indigenous TAS up to 2.5 log inactivation using water samples with up to 128 particles (>10 m) per mL and turbidity of 0.84 NTU. The lack of tailing is evidence of a lack of TAS protection by the particulate matter.
The data were also interpreted in the context of guidelines that exist in some jurisdictions that control the use of UV for the disinfection of unfi ltered surface waters based on turbidity values. The results from this case study indicated that turbidity and particle counts were not correlated, and therefore turbidity may not be an appropriate indicator of whether UV may be challenged by a particular water containing particles. The data collected show that UV light disinfection was essentially unaffected by particulate matter under the conditions of the study.
